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Magnetostatic Surface Wave Transducers

Introduction

The purpose of this report is to sumarize the results of the

work on magnetostatic surface wave transducers under contract number

F 19628-80-C-0029 from the U.S. Air Force ESD RADC EEA at Hanscom

AFB, Ma.

To be presented are the results for the dispersion relation,

radiation resistance, radiation reactance and insertion loss for

magnetostatic surface wave transducers which may include a gap and

apodization. Independent conductors as well as normal modes are con-

sidered. Also presented are the results for the dispersion relation

for surface waves for a variety of alignments of the externally

applied magnetic biasing field.

Computerized results including computerized graphs of the results

are presented here. Comparisons are made with results obtained from

the analysis of the microstrip model which is also here presented.
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Basic Theory

The basic theory leading to the dispersion relation, magneto-

static wave power, radiation resistance, radiation reactance and

insertion loss for surface waves when the applied magnetic biasing

field is in the direction of the Z axis (see Figure 1) has been pre-

viously detailed [1] [2], [6], [8], [12] This theory will here be

outlined.

We start with Maxwells equations

at ; ' o
(1)

and the constitutive relations in each of the four regions

0
(2)

D cE

where M is taken as zero in all regions except the YIG region. We

utilize the gyromagnetic relation in the YIG region

-Y R-  x f (3)

and retain only first order terms.

We assume the time dependence of all physical quantities to be

jWte We also take the magnetostatic approximation

Hz E x Ey (4)

-2-



Ii

and no variation of any physical quantity in the z direction.

In particular, we obtain

aEz..
Ez3E

~(5)

-- =+ j w& BaE

and

B = l~o Hx 0X
(6)

B =u UHY oY

in all regions except the YIG, whileo(7
in the YIG region where

1-1 =1- S f2
11 22 = i

21 12 92 2 (8

(8)
a:fl__y

4TrM

H:

0

y 2.8 mhz/oe ; 4TMo = 1750 oe

f =w/2r

* -3-



Solutions are sought which satisfy continuity conditions for HIx

and By at each region junction and satisfy B y=o at the ground planes.

At y=g the condition to be satisfied is that Hx is discontinuous by

the surface current density J(x).

We thus assume a solution form of a potential function

= F(y) ej (wt-Kx) (9)

where

ax y (10)

In the non YIG regions we find the form of F(y) to be

F(y) = A. ei k ly + B. e - kly i=1,3,4 (11)

while, in the YIG region

F(y) = A2 e l k ly + B2 e-alkly (12)

where

2n/ -2 (13)

so that the basic equations (1) - (8) are satisfied. One can see that

these solutions consist of waves propogating in the X direction. We

carry a along in the analysis even though its value is unity by (13)

and (8) because of comparisons to be made later with the analysis for

a general direction of the applied biasing field.

The attempt to satisfy the continuity and boundary conditions

results first in the requirement to solve
[21

4



FT(K) o (14)

where

FK)(coth IK Itl-1) [ la~-2 'kjd+( l)~ -Ilg (cothIKitl+l)

2 2

(1-0, 2 )e- 28 K d+ (l+ejl) T]e I K jg  (15)

and

c I = 22 6 + K 12

K "12

"22 - 2 (16)

T (a2+tanh KI.)
(a2 -tanh IKIZ)

Equation (14), a transcendental equation for K as a function of f,

is the dispersion relation. Numerical techniques are required for its

solution. Two solution curves of K vs. f result; in one solution K is

always positive and in the other solution K is always negative. This

results in two solution waves which are in opposite directions. Denoting

K c (17)

and the solution values of K by KS, S=-I, 1, we have that the two dis-

persion relation curves are obtained by solving (14) with (16) for

S=-l and S=I.

Fquation (14) can also be written as[8

:* - 5-
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e-2KIT (1-a2)e- 2IKjd+(l+a)T (18)
(l+a 2) e-2[ Ki+(la -1 ) T

where

T=t + g (19)

which shows that the effects of material thickness t1 and g enter the

dispersion relation only in combination.

Another useful way of writing the dispersion relation is[133

e-2 iKjd = (aj+tanhKT)(a2+tanhIlKj ) (20)
(a2-tanhI Kir) (cl-tanhjKjZ)

The bandwidth of frequencies for which the solution of (14) can

be obtained is given by

yHo (Ho+4 M) < f <y (Ho+2TM) (21)

Having the dispersion relation curves we can find the group

delay

V = - (22)g DK

for each of the two solution curves.

After equation (14) has been solved we can find all quantities of

physical interest for each of the two solutions of (14) [2] The mag-

netostatic wave power is then obtained from [2], [3]
T

p(s) I j4 s ) dy s=-l,l (23)
-(2+d)

where Fz is related to H,, and Ix in the YIG region, by equations (5)

with (6) or (7).

-6-



The expression for power is found to be [2]

p(S) = -s Wl0 A G2  s=-1,l (24)

2 K
2

where
e- I Ksd dlj 1 (Ks) l

G e s--1,1 (25)

I aF (K)
Tk K=K

" " S

A =(T +i)2  (sih 21Ks ! K (U eIKsIg V -IKlg) 2

S 2 - + I ~ S
cosh IK s lz 4 2 4 sinh2 IKs It 1

irh 2 Ks !t1 IK !t

41 2 1

+ 1 [4 (e 21Ks l-1)- (e-2Kslg_!) -2 U V K IJg (26)

+ (s) T2 (eSIKs _( ) (e _d1)-2 2 1K IT d s=-l,1
s 2s s2u2._ s =d(-Ol) (e-2BK s d-l(~~)-2 JK sd2

-"Us = (1- rIs e6Ksld + (l+cxa ~~ e$IKsI d

vs = (l+LS))e- IKsId + (1-acS))Ts eslKsld

s=-1,1 (27)

a (s) ) (K T = T(K)

For independent conductors [4],[121

N a.K i.r KP
J (Ks sinc i s 1i -j K S Pi a s=-1,1 (28)

ii:r
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For the non-apodized independent conductor case, (28) can be written

[13) wthl[1s ] withi o=l ,

N jK pN
JI(Ks) = I. sinc a Ks  1-n eJs(2-K10e3iKsp  (29)

For a truncated array of normal modes we have for the fundamental

"mode (n-l)

N 2 a. e-3+n
JI(Ks) =i sinc i(3_ ) sinc fl--i -Tj 'ili eJKsPi (

[ (30)
s=-l

where Zli' ai, P. i=l,2,... ,N are the conducting strip lengths,

conducting strip widths and center to center spacings, respectively,

to account for apodization. N is the number of conducting strips and

n=-I for a meander line and n=l for a grating.

The definition

* sinc X = sin 7TX (31)

7TX

is employed in the above.

In the free space case, t1 -- and Z=-, the dispersion relation is

e-2~KId 2(l)(az+l) (32)

(ad2- l) (OL1 - TT

from (20). The expression for As in the power is

A [=)(2 +,I2 2s(s)_2 sid 2 2
s=(Ts+l) + [!-- T s (e s '-1)- 2 (e d-ll)-2$ZTs22dIKs

(33)

8-
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The radiation resistance is then obtained from

R(s) -. 4 JP(s) Is=-1,1 (34)
(l-n) + (1+ni)N 2

In the above it is typical that the amplitudes for the wave corres-

ponding to s=-l is greater than the amplitudes for the wave corresponding

to s=+l. Thus the s=-l wave is the stronger of the two and is denoted

by the + wave and the s=l wave is denoted by the - wave.

The total radiation resistance is then

R =R + R" (35)

The radiation reactance contributes meaningfully for surface waves.

It is to be obtained from
00

Xm(f) m(f df (36)
-00

Although this integral contains infinite limits and an apparent

singularity it can be computed accurately by numerical techniques [6],[71

We thus find the radiation reactance from the numerical values of the

previously obtained radiation resistance.

The combination of radiation resistance and radiation reactance

then results in the complex radiation impedance.

We can now find insertion loss from the radiation resistance,

radiation reactance and by including source resistance, conduction loss,

matching reactance and propagation loss. We obtain [8]

IL(S)=20 log1 0  R R 76.4 AH Ar s=-l,l (37)

(RgR*RI) +(Xm+XL)

-9
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where R is the source resistance, R is the conduction loss and XL
g

is a series matching reactance. AI is a linewidth representing material

loss and Ar is a propagation distance.

This completes the basic theory for magnetostatic surface wave

transducers.

Microstrip Iodel

In the microstrip model [9],[11] insertion Loss is calculated

from input resistance and inputt reactance of a lossy shorted section

of microstrip line and microstrip propagation constants. Apodization

is not taken into account in this theory. The conducting strip dimen-

sions Z1' a and p are thus the same for all strips.

First consider one conducting strip. Here

J(K) = sinc a Ks 5 T l e-JKsp  (38)

from the independent conductor model, (28).

For N strips we then have, multiplying by an array factor,
NK- 2

(S) sin=
4R~~') 41 I____ s=-ll1 (39)

CI n +(1+n (sin KsP

for rn=l,and

(s) = 4v(S) sin --2- s=-l,1 (40)

(1-n+(ln) cosT

for rT= -I and N even where, P(S) is computed for N=I in (39) and (40).

From the above and (35) and (36) we have R+, R', RM and Xm .

- 10 -
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To obtain insertion loss we first define

< R-- _ -R s

1/2

R~=

1/2

~X

12

Given characteristic impedance Zcl, propagation constant 8c'

conduction loss constant a cK and conductivity o, we have, for N=l

i M(42)

cc

where aR and ac represent radiation attenuation loss and conduction

J, -attenuation loss, respectively.

For one or more conducting strips, N I, we now have

Zc = Zcl/N

,R  = ,R/N n~l (43)

a a

c C

and

-117-
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z = Zcl

aR  = /N n=-l and N even (44)

a aC N
c c~

Total attenuation loss is then

' : + (4S)

Then compute

Zc tanh 2 a

Rin l+cos 2 -( sech Z a 1

Zc sin 2 1 sech 2 a  (46)

in l+cos 2 sech 2 a i

Z. R 2  + 2
in in in

where R Xn and Z. are input resistance, input reactance and the
in in in

magnitude of the input impedance, respectively. With

R s  i c s=-l,1
R. +R z (47)

R. R. R.
I,m 1,m I,m

insertion loss can be expressed as

SIL ( s ) =20 loglo 4 R 0 )  76.4 A- ArIm 1'Miw/K s=-1,1 (48)
(R i)2 2

(R.+R. + X.
i in in

.12'



where Ri is the source impedence.

Insertion loss can also be written as

IL(s) = 20 logl0 4 R m 2 - 76.4 AlKI Ar s=-l,l (49)10 i'

(Ri+1c+i R ,m im+X )

where

k Rin y +/Z
M c

Rc =Rim ac+/Z cX= in 8- (S)

ml c

x.~ = xin +X/

This completes the theory for the microstrip model.

Complex Impedance-Free Space Case

We here indicate the computation of the magnetic wave power P when

all physical quantities are determined by combining the two solutions

present. We shall only consider the free space case (Z=tl=-) and the

case of no gap present (g=o). Since B=l in the basic theory, we will

eliminate it from the equations.

We write

(s) =1  22 S 12

2) U22 -S 1112 s=-1,1 (si)

(s)

T = a + 1

-13-



and define

s (52)
G

sa S
s

The magnetic wave power defined as

P = f Ez  dy (53)

-CO

is now

-d 
0 CO

Considering both solutions we have

d 0

p1 o (5) ( (1) () (t o e ()() i s+H e o)dy+
2 f Zj Zj f. Z4j 2 z2 Y2 Y2

of (55) is

P f [- E - C El)e- Jl-l1X + Eyejx]Hy_ (Y)e JK-1 x + Hy) eJK1I dy

1~~- _ 14 14 A(~+~j1 (5

0 J= -d 2 Y

+f E ye-jKlx + E (y)e jKl]y (y)e jK~lx + H y)2 K1x dy

f [E. 4(Y~eK~lX+ E4 (y)eKlx] y 4(Y)el + (Y)eJ4lX]dy

0 (56)

14-



and, upon insertion of the appropriate solution functions in (55) and

the performance of the indicated integrations we obtain the result

P = -Wj 0{M 9 + N cos (K 1-K 1l)x + j M7 sin (K1-K 1 )x} (57)

where

S ~ 2 + S 21K idl)-a(s) -21K Id_ a 2

M9 1+a2S) + a) I (e s- 2 (e -1s

-21K ta~ (afs) + a(s) )d + (aa(s) e-1K sId~as eK s d(58)
2  (a 1 2  e s 2 ~ )e

G -1 (K K_7T7 a,(I,)C 1)1a~-( Kl , -a 1a,(e -K+_1 )

+ (e (K1-K )d_1) ( 1
1)K 1 +&)KK)-a a e- (K1-Kl)d_1 ) (-')K +cS)K)1 1 (K- -K1 12 1 -1 (59)

(K~K 1e-Kld)( 212-1-DeKi

+ (K +K1l) (a1, 2 1 l)( e~tS~K~~

1 2 1 1 2l) 1

1Ia- =l~ax-2a:l -1) 1 ~ _-leK )(a1 S) -da 1 (eKi )
17 2 2

+ (KI- _) (1)a1(e (K1+K1l)d, -C(1) aI(e(K +KIdi) 60
(K 11)-aot2 1 (

+ (e (KI- K_ 1)d_ 1) (l) K-& 1 K_1) -a~lal(e (K-K_)d 1 ) (af 1 )K -ai)K

(K 1-K_1) 2

Note that (57) is of the form

P R (61)

-15



where

P R = i~ [?Y19 + M8cos (K 1Ki) X162
P- M (K 1 K°  

(62)
PI = 2wl M7 sin (K1-K_l)X

The results obtained reduce to that obtained earlier in (24),(25) and

(33) when the two solutions are considered separately and (50) and

the dispersion relation (31) is utilized. In this case the only terms

present in (57) are the two terms in M9, one for each value of S, from

(58).

In general, the complex impedance is taken as

Z 4 P(63)

(1-n)+ (l+n)N2

similar to (34) and has real and imaginary parts. The spatial average

of this generalized impedance gives the radiation resistance, while the

spatially dependent part gives rise to resistance and reactance terms

related to the width of the transducer in the x direction. These terms

are assumed to be of second order and have not been incorporated into

the present model.

Generalized Dispersion Relation

In this section we obtain the dispersion relation for surface waves

when the biasing field is not restricted to be parallel to the Z axis

(see Figure 1).

In the YIG region the components of the permeability tensor (7) are

now given by [10]

-16-



y2 Ho (4irM 0(sin2 0 sin 2 + cos 2e)
0 0

l 1  
2 H2 f2

y H-f

y2H0 (4wTM0) sin2e122 =1+ 2 H2 f2
y -f 

(64)
j y(4irMo)sine (f sine + jyH O cos cose )

-J ) 1 2 =  2 2  f
y H-

-j y(4Mo)sinO (f sinO - jyH° cos cosO)
JV 21 y 2 "H2_ f 2

Y

These relations reduce to those given by (8) for the case of the biasing

field lying along the z axis; 0=90* and ¢=90*.

The satisfaction of (1)-(3) yields solutions as in (8), the ex-

pression in the YIG region being modified to

F(y) = e jKby(A 2 eaKY 2 e
-IKIy) (65)

instead of (12). Here
" 2 ("21-"a12) 2 + 411l22

2z 2 > o (66)

"22

instead of (13), and

-j (P21 - J12)
b = 2 I22 (67)

We note that b is real and that the term containing b indicates that

there is an additional propagation component in the y direction. For

the standard surface wave case of 0=90* and 90' we note that (65)

and (66) reduce to (12) and (13) with b=o.

The dispersion relation is obtained by satisfying the boundary

and continuity conditions as before. With

-17-



1 
=  '22 - I KK i 21 + b 1122)

a2  22+ r l ( '2l + b 1P22) (68)

the dispersion relation, for the case of g=o, is

e 2 IK Id = (a2-tanh IKltl)(al-tanh IKIi) (69)

(a2 +tanh IKIZ) (al+tanh- Kft 1 )

Again, for the case of 0=90 ° and 4=90* equations (68) coincide with

(16) and (69) is then the same as (20).

Thus (69) with (68), (67), (66) and (64) give the dispersion rela-

tion for surface waves with the orientation of the biasing field kept

arbitrary.

18-



C OMPUTER PROGRAWS

A. Basic Theory

A computer program which incorporates the results of the basic theory

has been made operational on the CDC 6600 at Hanscom AFB, Ma. The program

produces plots of the various physical quantities as functions of frequency.

There are plots of wave number, group delay, radiation resistance and

insertion loss for each of the two solution waves. There are also plots

of the normalized dispersion for the + wave, total radiation resistance

and the corresponding total radiation reactance. The program also pro-

vides for print out of these quantities.

The program is designed for flexibility in that independent conductors

as well as a truncated infinite array of normal modes can be accomodated.

The case of uniform conducting strips can be handled as well as apodization

in strip length, strip width and/or center to center spacing. In addition,

the program automatically computes the relevant frequency range by utili-

zing (21).

There now follows a detailed description of the input cards to the

program which shows how to use the features described above.

Card 1 - Ho, tl , d, g, ,p N, n

These seven quantities are here supplied, separated by commas. All lengths

are in meters. Columns 1-72 may be used.

Card 2 - first £l' z1, k, option

Card 3 - first a, Aa, a option

Card 4 - first p, Ap, p option

-19-
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Each of the above three cards, applying to k1' a and p, respectively,

contain three items, separated by commas. The first item is the di-

mension of the first strip. If the third item (option) is o then the

dimensions of the (N-I) strips following the first are successively

incremented by the increment (A) of the second item. If the third

item is 1 then the dimensions of the first (N-I) strips following the2

first strip are successively incremented by the increment of the second

item and the dimensions of the next 2 strips are successively de-

cremented by the same value. N must be odd when the option

is 1. Note that one may use a negative number for the increment of

item 2. Also note that the quantities ki, a and p are handled entirely

independent of each other. If an increment value is o then there is

no apodization in the corresponding quantity and the option is immaterial.

Card S - Ali, Ar

These two quantities, separated by a comma, are here supplied.

Card 6 - heading

ikOnly columns 1-20 are used for this card. For the normal modes case,

the first ten columns on this card should contain NORM MODE_. For in-

dependent conductors, the first ten columns should contain IND _COND_.

This card serves as the top heading line on the plots as well as to

signify the program whether the case is one of normal modes or uniform

conductors.

Card 7 - heading

Card 8 - heading

Card 9 - heading

20-
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These three additional heading cards are required and will appear in

order on the computer plots under the heading of card 6. Columns 1-70

may be used.

There follows a listing of the entire computer program as it is

used on the CDC 6600 at Hanscom AFB, Ma. Omitted are the required

control cards consisting of the standard job card, Fortran compile and

execute cards and the standard control cards for plots.

21



pFzOrPAm ROCT (INFUT,CLTPUTI
DIMENSION POOr-C.Il)
njMC4NSTON F(1?Od),FM(1200),FPUOO),CAP(1200),CAM(1200)VG4(12JC),

YPP(iOrfl,PM(1200) ,RP(1200) ,PM(120o),RT(1200),Px((1' aa) SEPP(1200),
XSFQM(1200),VNPd(1?rIO),'GP(12)0)
CIMENSTON H9Af(2),HFAE1(7),HEA02(?),HEAC3-(7)
tITMENSI ON FN (5~0), VM (50)
COP4MCt% FL,ALI,AL2,;3,t,T1,G,SETAENPAYAELI(4O),PE(4O) ,AA(.i)

Q ~Fikr ',w, TI.C,GgELFNETA
R -A C *,EL8Er.N,ELGEL,ELOPT
PFAD *,t&PFGIN,ADEL,ACFT
PFAO0 '$.PEPETN,PDEL,POPT
PEAr'm ,0FL.lST
FFAD 10294FAD

REA [1 10 CHEA rI
QFAn~ 101,HFrAC?
R FAD 10 19HEA.D~

TF ( HEA0( 1) *F0 "NORM MODE "I LMOOE=2
N=FN
PL= 30.

rP0 41 T=i,kN
FL1(Il=FL9ErGN.(I-1)4ELDEL
AA(T)l9",TN+ (T-I)*ADEL

IF (ELOPT CO. 0.) C2O TO 42
0O 435 I=Nf-LN

'43 17LI1I)=FL1(NFL)- (I-NEL)*ELDEL
42 TF ( bOPT .EO. C. ) (CC TO 44

flQ 45 T=NE-LN

45 AA IT)=AA (NFL) - (-NEL ) *AIEL
44 Tv (PCPT 9P), 0,.) GO TO 4b

4.7 PF(TI=PF (NFL)- fI-N%7L)*PDEL
4.6 (C0NTTNUC

* FHI=?.6*Sd(H -*l(7 i5Q.

FI)FL=16
mo FaEr=ATINT (FL C)+1.

NF=TNT(F)4I)-IPKT(FLO)-1

IF f1f) -LT. FLC) PRINT *,'*REOLENCIES TOO LCW-
IF (FINF) GrT. FHI) PRINT *,**FRECUENCIES TOO -IGH-
0:TNT 69)
PAC T=l .
TF (ETA rGT. -2.) GO TO 4

POINT ' PI GqATING CASE*

PP IN T blHT I, r), G L ,EN,E T AN F
93cINT 4, 'FLTA H D1ELH," DISTANCE =-,0IST
PRINT L 0O S IS ,RL
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PPINT 60

IF (FTA Fr's -1.) ELL= .23 4 . WF-8/EN

ETLL=0.
,)ATA t~nl/iST4EH32,BJWIIEG

Cb&1L PLTI03(Pr-OGD,20..1?.s4ti

AYTr.S*AY*f(I.-FY!A)4EN*At.4ETA))
V 01= ~p I F -7

K~t

O 4R/17 715 n~
5 C FFZF WK

U2?=U11
U1?=OM/ (O *?(3H**)

L=1.
30 TF IL *EO. 2) Gr T 2

2 S=-t.
3 romT?'NUr

TF (J T(. I1) CO0 TO 5 3

40 5 If) 0/fU 1 1)#ALCG (.+4 OR f L1*U2 2)

CAfl=CAO/tD

TV (I .FO. i) Gr T1 51.
IF' UJ MF 11 GO TO 51

TIF(L .CO. 2) CAC=CAM(J-ll

f A I =C A 0-0 FL

C Al D = AqS KC40 C)

IFICACD G!T. b50,1 GO TO 15
1FtrAOG *fT. 5C,) GO TO 35

t ~~FTOFT (Af7
4 FTCPztT ICPIO'P)

FTCM-rFT (CAOMI
Cfil=C * 5.1, *FTCO, (FTCP-rTI')

IF(AlStrAll (IT. 1.E?i rO tG 35
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CAID=CA1#0
CA1P=ARS (CAIC)
CAI G=AfSCt',
Tc'1CAVD .GT. E56. GO TO 315
IF (CA IG e.GT. E5fl.o GO TO 3 5
FTCl =FT fCAl)
IF (ARS((CA1 -fAO) /GAO) .LT. .J01) GO TO 10
CAO=CAi
M=M+i
IF(M .GT.101 ClO TO 35
GO TO 5

ig IF (L .Fne 2) GO TO 20)
IF A'3(TC)..1. O O3
IFCAc3SFC T . G O3
IF (CA *LT. %,) GO TO 35
FP( I ) =F
CAP(I)=CA
T-l +1
L=2
GO TO 3n1

20 CA=CAl
IF (ADS(FTr.) .GTo 1.) GO TO 35
IF (CA .11. 0.) GO TO 35
FM 0J )=FF
rAM (J)=CA
J=J+1
IF (J *9r). T) GO TO 15

IF (J .GT. T) GO TO 31

I=J-l
K=K-l

31J=J-1
15 K=K4I

IF (K .LF, NF) GO To 50
9) QT NT 63

T1=J-1

GO TO 24.
35 PRINT *,"ITFRATION DOES NOT CONVE-RGE*F= *,EF," S= ",S

IF Q(1 .En 2 1 GO TO 15

f~n TO 2
24 CONTINUF

- PRINT 63, (FP(j) ,CAP(I),I~l,Il,i0)

PPINT 67
00 22 J=t, J I
IF (J .oo. 1) VGMI(J=5./PI* (.AM(2)-CAoi))/FDEL
IF fJ rFQ. JI) VGMCJ)5S./P'ItCAMCJ1)-CAM(JI-1))/F-2EL
IF (j .NF, 1 .AND. J .NE. Ji) VGM(J)z

Y 5./fF1' C-AMfJ~i)-CAMfJ-.) )/FOEL' .5
22 CONTINUL

DqINT e5,(FM(JIqVGM(J~jJ=i,Jl,±0)
POINT 61

On 21 T=1,11
IF (I 9FO. 1) VGPI)=5./PI*(CAP(2)-CAP(i))/FOEL
IF (T .*70. 11) VGP(I)cr5./PI*CCAPCli)-CAPCIi-1))/FO)EL
IF (I eNE. i .AND, r NE, rIi VGF(r3=
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21 C0NTTNUF

JO~=JI/2
CAMC=CAM(JJ1
DO 23 J=1 9Jl
CAM N=CAMO -CP m WJ
CA MN=CI ST*CA MN / P
CA4N= AMn00 CAMN, 2.*
IF (CAMN rGT. 1.) CAMN=CAMN-21.
TF (CAMN L'7. -1.0 CAAN=CAM1N,2.
VN'4fJ)=18 0 .*CAMN

23 CONTINUE
OPINT VA2
PRINT 85, (rm (J) ,VNP4(J)qJ2IJ1,il0)

00 ?5 I=1.Tt
FF=FP(I )
CA=rAP( Il

U11=1.-OMH/frCm**2-OMH**2)

Q=SQP T ( U 1/0 2 2)
ALI=U22*4 l+F U12
AL 2=U22 R - SU 1?

P2= (Pt( A) ,rXP (CA G) -c2(CA) E)P(-CA *G) )*?4
x(CoTi.( CA T1) -CA Ti'(CSCH (CA'T 1))*
P4. 5 () ( A * 2 * E P( . C " ) I ) , 5 IK (

X*(FX(P!-?*CA#C)-1.)-R1(CA)*R2(CA)*CAUG
PLAL'TC))ExP(2. *94 CAO)-i..)AL(EXP-2.P*CA~ou)-:.)

Gcc-A =GE (CA)
4kOP(T!) 04tiq GECA *24iPt+P2*P3+Pdd/o./rA**2*.5

PPfI)=4.a.PP(Tl

PP( I )FACT*--P fI)
;l r CONTINUE

00 ?F J=1,JI

0=? .*PITFi.. 6
C A CA4( J)

022=01i
U1?:0m/ (0M M*' -0MwN2)
A=SQPT(UI /tf?2)
AL=U22*P+! Utl2
AL?=U?2' 2 -S*U 1?
P1=(T(CA.*1.1'(TAN(CAEL-CAEA(SECH(CA'EL))"'2)
P2= (FI(CA ) rXP (( 44) -92 (CA) *c)XP (-CA*G) )*' 2/4.
Yu(CA.Tfa*!)-CAT#(CSC4(CA'TI))e42)

'P f'?Y*(? vlt) - * )-(CA )q? CAG))-AC'(9(A*2
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P4=ALi(T(Cft)2)(EXP( 2.3CAO)11 .hALJ(EXP(-2.*ECAD)-.)

X-4, *8**2'IJ22'A*()*T (C A)
GFC A=GE M4 )
PM.(JA)= O'U0* GECA 4W2*(Pi4P2*P3+P4)/../CA*2 .*5

PM(J)4.*P11(J)

Pt0(J) =FACT*PM ()
26 CONTTNUE

PRINT 60
PRINT 71,(FP(I),RP(I),1Ii,1jq0I

C PQINT 72, (F1(J),RM(J),JuljJIE)
IF (It NlE. JI) GO TO 90

POINT 60
PRINT 7'F,(FP(T),FT(I),ri,Ii,ici
FPt.=FP( a)
FPL=FP( Ii)
CALL -TPAN(PT,PX,Ij, FFl,FFL)
PRINT 60
M=NM

M=I 1-1
PRINT 73,(FP(!),PX(I),1i=,M ,20)
CO0 54 I=1.M

XL= 2.4PI *FP CI) ELL
)yL=YL4 .Ef6
L'T
IF (I .IEO. a) L=2
SERO(I)= 29.*ALCGiO(L..RPCI)/RG)/

((1,4 (PT (T)4RL)/9C-)**2

' ERP(I)=SFFP(I)-76..DOELHDOIST/

SFRM(I)= 20.Al'LOGi0( (L..RM(I)/RG)/

+C(PX(I)+XL)/RG)**2)l

'EPM T) =S'PM CT-76,4*CELHODI T/

54 CONTINUE
PPINT 61

PPINT 60

YI4TN=35 nn.

YMT=2500.

K?4IN=ATNT CFcCO) '100.

fY=20V.*
p~y~lc00

no c~ j1,~J
IF CCAII(J) r~,o 100000.) CAMCJ)=100000.

* IF (Vrm(J) .GT, 1G01') VGI4(J)=2.000.
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qro rONTTNJE
DO 97 1=1.11
IF(CAF(I) .GT. 100900.) CAP(T)=106OOO.
IF (VGP(I) .GT. 1000.) VGP(I)=1000*

q7 rONTINUET
CALL PLOT(1c0,
CALL sVmqnL( .5 ,'-,,,. i,HEAD9, L'20)
CALL SY~q0L(*5,' ob,.iHEAOI,3,70 I
CALL Sy m AOL (.% , 9 .4,. 1,HEAOZ,0,70)
CALL SYMR0L(f ',9 *?,ol , EAC~,r1,70)
CALL AX IS (U., o.,2 NW AVE NUMBE~R ( +) ( I/M) .2110 .,91. YlwIN CY 10.
CALL AXIS (F.,Q.,15HFQE0UENCY (MHZ),-i5,Y(X qG.,XMIN,0X,1J.)
CA LL LT NE (FM 9C A MJ I, I, 0, t 9X MT N #DY , Y M IN , o 08)1

CALL PLOT (1 I F.. 3-)
CALL AXTI'f0 9o,

5 HGOO'U P D EL Ay/0 +) (NSE C I, 25, 10.,:0.YMI N ,DY,910 .
rALL AXIS U.,C.,,15HFcE0UFNCY (MHZ),-15,YX #0.qXHIN,OX,t0.)
CALL LTNF ( Fm., C G, jI , 1 90 1 X MTN ,D x , Y I NIOY,08)
Dy= 1000 0
('ALL CLOT (16o ,Q. ,-3)
CALL AXIS;(',o.,21HWAVE NUMF3ER (-) (I/M),21,10.,9C.,VMIN,Qy,10.)
CALL AXTS (~0 0.,915H FrcEGUFNCY (MH?) ,-15 XX .0 9 XMIN,0X 9 0.
CALL LI NF F13 vAD ,It , 1 0,XMIN 0),YMIN~, OY,.90'
oy= fn.
CALL FL IT (i.9
CALL AX"
)f ?5HIGOUP IELAY/CM (-I (NSEC)*259109,-iO.,YMIN9OY,10.)

CALL AX IS t ,0 . ,15HF IFQU;ENCY (MHZI v-15 9XX 90O., XMINOX 9 3.
rALL LINF (FP,VGP,Il,1,O,i,XM!NOX,YMIN,0Y,.C8)

0Y= 36 .
CALL FLOT (jF.,'., -3)
CALL AXIS(oU.,;..,2?HNOQMAL DISFERSION (+) ,22,10o,0C.,YMIN,Y,1l.)
CALL AXTS (U0 , I 5HFREQUENCY (MPZ),9-15,XX 90 oXF'NDCX,1U)
JJ= 0)

58 C)N" T NU F
n0 59 J=19 JI
TF f JJ#J) . GT . JI1) GC T0 5 7
FN(J )F;M(JJ+J)

VM ( J) =VNN f JJ+ ,)
IF (J .FO. 1) GO TO 59
IF 'V'(J) oLF. VM(J-j)) GO TO 59
(' Tr~ 57

159 "NT TNU

5' J2=J-1
CAULL LINE NM2,. ,,?IDYI,,C)
JJ=JJ+j.,
-I (JJ~1) .'Eo it) GO TO 58

YMIN=I~.
cy= 30.
On 27 1 =1 , T
IF (RfI) .CT. 300.) RPII)=10'.

77 NNTNLJE
CALL rt. CT (l..,0., -3)
rft!.L AYIS :o,f',27H4qAOo OES.tMINUS WAVE (OHMS) 9279109990.,
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xYMNIY,il.3)
CALL AYTr, (n. 90e , 15H4F;ECuFNCY (MI-Z) ,-15 ,KX 90 e ,Xt'TNCX,i0.
CALL LINE (FPqPI1,1 ,O,1,XMINOXYMINOY, .08)
On 2f J=I,Ji
I F (P11( J) rT . 33 0. %M (J):3J0
IF (PM(fJ ) rCT. 2t00.) PM(J)=2000
IF ( QT( J) r~T. 300.) RT(J)=30C.
IF (FT(J) .T. 2000.) RT(J)=2J00.

26 CONTINU9
CALL PL OT(17 . q0 .- 3)
CALL AXTS (I.,0.977HRAO. RESov PLUS WAVE (OHMS),27,IJ.,qo.,

CALL AXTS (09,154FREQUENCY fMDZ),-159YY ,0.,Xf":NqDXq10.)
CALL LINF(F4,DM,JI,1,0,IXMINDX ,YMIN,OY,.08)
CAIL PLOT (17.L~,~
CALL AXIS(0.,C.q22HRAC9 RES* TOTAL (C-MS),22,10.,'0.,YMIN,OY,10.)
CALL AXIS (I.,0.915HFREOUENCY (MHZ) ,-15tXX ,0.,XMlN,CX,I0.)
CALL LINE (FPcT, 11,1, ,1,XMIN,DX ,YMINDY, .08)
TI=M

YMTN=-l 00 00.
YMTN-2r)O.
OY=20C0
DY =Fo .
00 q2 I=I,Ti
IF (PY( I) .LT. -13000e) PX((T)=-100O0.
IF IPY(I) .LT. -250J. ) PX(I)=-25'.
IF (PY(I1) rCT 131)00 .) PX (T) =100 00
IF f PX( I) ,GT. 250.) PXtTIVEG.

9? CONTINUE
CALL FL 0T1(17.1 ,.9-31
CALL AXIS-(D.,C.,22HPACo RFAC TOTAL (OHFMS) ,22,iG.,'1O.,YMIN,0Y,10.)
CALL AXIS (l.,Q.,I5HFQEGUENCY (MliZl,-15,XX ,-0oqXMTN,,OI.)
CALL LTNE(FP,r-Y,Iigi,C,i,XMIN,0X,YI4IN,DY,.08)
00 Q3 1=1,11
IF (rERP(I) .LT. -PO. ) SERO(IM-80.
IF (SERM(I) .LTo -40. ) SERM(I)-80.

q3 rONTINUF
YM"TN=-81.

oy=lj .
CALL FLOT (1E-a ,0.,
CALL SYP4ROLf.-,...8,. i,HEAC,0t20)
CALL SY MPnL ( , 9. t , . 1,R E AO ,3, 70
CALL C YMPOL( .r,'J.4.,.iHEAr"2,),70)
CALL " Y 4OL ( .190Q. 2 9. 1HEAD390 , 70 )
CALL AXTSOn.g,r,2bH-INS. LOSS,MTNUS WAVE b08192b, e,990.,YMIN,

CALL AXIS ('o,3.,Ic5HFREQUENCY (MHZ),-15,XX ,0.,XMrNvDX910*)
GALL LINF(FP,cERP,t1 ,i,0,I,XMTNCX,YMIN,OY,.08)
CALL rLOT (IF,, 0. -3)
(-ALL !YM~nL(.e-,98,.1 ,HEAfl.LI,23)
CALL -cYM0OL(. 3 ,9.E ,.I,HEA0i,1,7O)
CALL EYMA0Lr ,;.4, .I,HEAU?,l,70)
CALL SYMjnL(.ci9.?,. iMEA!O3,U,70)
COLL AvTS(9.,'.,26H-INS. LOSS, PLUS WAVE (08),2b, 89,9O.tYMIN,

y OV*IO .)
CALL AXI5 (noo.915HFREQUENCY (MtIZ),-15,XX ,0oXMINgCX,±0.)
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CA ENOPLT

q~0 POINT 76
STtl P

60 FCQI'4fT(1HI)

X5Y," G= ,F1 5.7/5Xv'4 L= 57
X5,* t= *,E1c.7/5X,*TA=,E5.7////9X,*'NO. OF F'S ARE ',15)

66 F09MAT(llIC1C),F51/(OtF *,1'7,J,p~F (-,tX" = ,ElS.7/)

73 FORMAlT( //f10XI F ",i.,J,pAO. REAG. OTAL ,E5./))
76 FOrMA II/f(1,'F= **oEl5.?,1.JXqRA EES TO.A ",E1) /
67 F7cMAr (t/ (I ( - "O 9EIST 7 R ,N 1AVE -NF

78 F 'MAT(//F~iy,-LF -,Ei5.7,1,XIt.S L~SS (ii *P= .Eli5T/)

X5.$ ~ l ",M' KFl5.7/5,*r= ,E15.7110X,qOU EAY '*,EE15./
71 PFVc!MAT(//*= E15.7= **E ORMll,*0 DIPRS (-) =r57
7 F'oQMAT(/F/ l ',ROP ES. (+I .. E15.7/)

732 FORM~AT( //f0 ,'=*vl,,lX-A ,RA ,TTL ql,? )

780 FOQMAT(//tai"O)CS

181 FOQl4AT(//lX,*A-,4"0 ,157)

A34OA(11Y"P~t~ *) 'E57)

8 FCQM ( IIPy, =*'9 E 57 IOX, G OUPCEAY f+I29-S./

P7 FOM-(* ':'1 .__7,____________________ _7)



FUNCTTON SECH(CA)
CoMMCN FL,ALI,AL2,93,C,T1,GSETAEN,P,AY9A
StTCH=C.
IF (CA .L'. 74.0.) SECI-1I./CoSVtCA)
IPETUPN

FUNCTION 'fSCI.4CA)
Cr)MMON EL AL1I ALZ,8,09TJ ,G,serA,EN,P,AYA
rSr'H=C.
IF (CA .LF. 740.) CSCH~t./SIN14tCA)
PFTUFN

FUNrTTON rnTH(CA)
COMMCN ELALi,AL2,39,TIG,TA ,EN,P,AY,A
GOTH~ =i./TANH(CA)
RCT tlPN
E NO

FUNCTION T(C'Al
CnmmrkV FLLI ,A12,,O,TiG,TA,EN,P,AY.A
T =(AL?+TANH(CA*EL))/(ALI-TANH(CA*EL))
PF-rUPN
END

FUNCTION 91(rA)
r)o'!,N FL ,AL 1,AL2,O,TI,GS, ETAEN P AY A
RI. =1 i.-AL2)'EXP(-BCA0+(i+ALIIT(CAEXP(u*CA*OJ

END

FUNCTION Q?fCA)
CO'*!ON FLALi,AL2,%O,9T1,G,SETAENPAY, A

R? = (I..AL?)*EXP(-R 4CA*O)+ I.-ALI)*TCAEXPe CA*Cl
RFT UPN
F NO

FUNrTION FTfCA)
^OmmrN EL ALI, AL2,r0,OT19G,S9 ETA EN,P,AY,A
FT =.c~ f(CTI(CA*T1 )-l.)*R2(CA)'EXF(-CA'G) WEXF(-@*CA*D)

x-(V.fTH(ATI).j.)*Rl(CA)9EXP(CA#G)#EXP(.ParCA.O),

F N0
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FUNCTION FT1 U"Al
COMMON FL -ALI 9AL2 999 ,TiGqS9ETAEPqAY, A
FTT 2FP(-PCA4rt)(R(CA)EXP(CAG)R2(CA)EXP(CAG))

P T ~ 2 C =~ CL~ . ~
x-SttrXP(-OC) )(CCTH(CAT)+.)R(CA )*EXP(CA G)

FTT7-

F TT ",
'f.SIE*ALI4  kLI(S:C -(CA*L)42/(ALI-TANH(CAEL)*2

X ( fl T(CV*T1)-i.' (i.-ALI)*EXP(CA*G)V(GOTH(CA*Tl)i.)

F Tr 4TT r"T F
FT= (FTT+FTT24FTT3+FTT4)
PFTUPN

FUNCTION S INC (CA)
COM4MON L,9ALI AL2,qqTl9GqStETA EN,P,AY,A,ELI(4), PE(4.) ,AA(40)
Pt: 3.1A4i%?o54
SINC: (l IN (PT~fD) ) /(P I*CA)

FN9

FUNCTION GAY(CA)
4. rOh PLFx rc

COMMON FL ,ALIA ,91 TI,S,ETA,EN,PAY,AELI(40),PE(4 0) ,AA(40O
X,LM9O.

PT: 3.14 15926514
N=FN

DO I 1I=,N
C C(MPLX(Cfl -(D.4I*PE (1I)) *-SIN (CA*'PPEQ()))
IF (LXEO Dv -rl 2) GO TO 2

G~O TO I
2 COMTTNtJF

XSINcCAoF(rjmo5,PT) -. 25 *(3.4ETA))#FTA**I4SQIT(ELt(I)).CS
3 CONT I NIY;
I C('NTTNtJF

PET URN

FUNCTION4 fFtC4)
COMYPON FL,lLt ,AL2,BqCTt9GoSqETA 9ENPvAy9AEL1V.OqPE(40) 9A(4O)
r-CF =ARS(C.AY(CA) 'EXP(-2*CA0)/FTl(CA))
Rr~ ti UN
OrN



SU3POL'TTNE &4TRAN(RX ,NoFSEGgrENO)
DIMENSION P(3),X(3)
PI=3. 1415 2-?1
FflELfFN0-rF':G)/ (N-i)
F=FRFG .5*FL
T Nr =MOO (N , 2)
NT=NtTNC- I
NM 1 N- I

NIM?=NI -?
Onl 33 1=1,qNm

IF (T EFQ. 1) PX(.RI+.'()R3)
IF (I .*r. NMI) RX=(-R(N-2)+6.*R(N1I)+3e.*F (N))/8.
IF (I .E0. I .OR* I eEO. NMI) GO TO 20

20 CONTINJF
FI=COEG

x +2.4fR UP )-RX)/( FI #4 2-F**2)
FI=FT+2...FCr7L

28 CONTINUE
FEN:FENn
IF(INC .EO9 C ) FEN=FENE-FEL

x -(P(1 )-RX)/(FeEG*'2-F*4 2)
X(T ) =FD ELf .* (I)
TF(TNC oF0*j) GO TO 30~
X(I)=Y(I)+. FDFL*I(R(NI-RX)/(FEN'#2-F'2Z)
x ,VA(N)-RXl/(FEN0**2-F**2))

30 X(T)=?. /PT*FXiI)+RY/PI*ALOG
X ((i.-F/FENfl),(1.,F/FEND)'(F+FBEG)/(F-FOEG) )
F7F4FOEL

33 rONTINJr
NM?=N-?

4. Xl= (15.'X(1I-1'1.*X(23+3.'N(3) 1/8.
X2(3.4X(11+F.*X(2)-X(3))/8.

PO 31 T=I,NM?

N II-? )=Ni

31 CflNTIINUF

YIN-I ( (3."V(NMI) +r3.*X(NM2) -x (N-3)) /8.
Y (N -?2 Y2

-~~~ NO(-)N
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B. icrostrip Model

A second computer program incorporating the microstrip model has

also been completed for the CDC 6600 at Hanscom AFB, Ma. The physical

quantities graphically displayed by this program are the wave number,

group delay and insertion loss for both solutions, normalized dispersion

for the + wave, input resistance, corresponding reactance and the

magnitude of the impedance. Print out is provided by the program as

for the basic theory model.

Note that apodization and normal modes are not permitted here and

that additional input constants are required. Thus the use of the input

cards are modified from the basic theory program by the following:

Cards 2-4 - The increment values are always o and the option values

should be o.

Card SA - Zcl, c, 0, cK

This is a new card to be inserted between card 5 and card 6. The

indicated constants, required by the microstrip model, are to be

inserted here, separated by commas.

Card 6 - columns 1-70 may be used. The first ten columns should

contain IND COND.

The listing of the entire program, except for control cards which are

the same as for the basic theory program, now follows.
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rf.. D IC UT, CLTPUT)
- N,7 T r) k : T { r -7

--- (!?"OR ,n (~ l ) (1200 t N.0) T(1(2 C),PX) SEpP (;.2"-),

Y . -7 47 V uN"4(!_ I , VSP (' ?J } ,RN( .2GI) YN(12 (]0 ,7M (120w)

U~ YT IN H~ C7f- ) ,HF A01 (7 t2:02 (7 ),HEAD 3 (7)
- A ,N 11N ;N(-0) ,VM(5])

" L A! 1 .AL2,",O,TlG,S,ETA,EN,P,AY,A,LI(40),PE(40) ,AA( 0)

S",H, T_,,~r L,E N,ETA
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C. Generalized Dispersion Relation

Another program has been implemented on the CDC 6600 at Hanscom

AFB, Ma which solves the dispersion relation problem for surface waves

including any arbitrary orientation of the biasing field. Computer

print-outs and plots of wave number, wave length and group delay, as

functions of frequency, for both + and - solutions, are provided by

the program.

The input cards to this program are:

Card 1 - F , t1 , d, e, ,

These six quantities, separated by commas, are supplied here. The

lengths are in meters and the angles are in degrees.

Card 2 - first f, Af, number of frequency values

Here the user is to provide the first frequency value, the frequency

increment and the number of frequency values to be considered, all

separated by commas. The maximum number of frequency values per-

mitted is currently 500. Although the program could compute the

frequency range itself as in the other programs it was left for input

to provide flexibility.

Card 3 - heading

Card 4 - heading

Two heading cards for the graphs are here required. Columns 1-70 may

be used.

The listing of the entire program, excluding the standard control

cards, now follows.
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CCGMLETED CASES

In this section there are presented graphical results produced

by the computer programs for various cases.

In figures 2-12 are the results of the basic theory for one set

of parameters, omitting conduction loss. Non-apodized independent

conductors are considered. Graphs are presented for wave number

(plus wave), group delay (plus wave), wave number (minus wave),

group delay (minus wave), normalized dispersion (plus wave), radiation

resistance (plus wave), radiation resistance (minus wave), total

radiation resistance, total radiation reactance, negative of inser-

tion loss (plus wave) and negative of insertion loss (minus wave).

In figures 13-16 are the results of the microstrip model for

the same set of parameters as above. Presented are graphs of input

resistance, input reactance, negative of insertion loss (plus wave)

and negative of insertion loss (minus wave).

A second set of parameters is considered in Figures 17-28. The

basic theory is employed for non-apodized independent conductors.

There are presented graphs for radiation resistance (minus wave),

radiation resistance (plus wave), total radiation resistance, total

radiation reactance, negative of insertion loss (minus wave) and

negative of insertion loss (plus wave). Results are obtained for

N=l, N=2, N=8 and N-100.

Another set of parameters is considered in all of the figures

29-46.

In figures 29-31 the radiation resistance (minus wave) is pre-

sented for the cases of no apodization, apodization in strip width

-Sl -



and apodization in center to center spacing. The basic theory for

independent conductors is here considered.

In figures 32-34 there are presented graphs for radiation

resistance (minus wave) for the cases of no apodization, apodization

in strip width and apodization in center to center spacing. Here

the basic theory for normal modes has been considered.

Figure 35 presents the radiation resistance (minus wave) and

radiation resistance (plus wave) for the basic theory with indepen-

dent conductors.

Figure 36 presents the radiation resistance (minus wave) and

radiation resistance (plus wave) as above, with no ground planes.

In figures 37-38 are presented the radiation resistance

(minus wave) and radiation resistance (plus wave) for the basic

theory with normal modes; for the fundamental mode and for n=3.

In figure 39 the radiation resistance (minus wave), radiation

resistance (pluLs wave) and total radiation resistance are presented

for the basic theory with independent conductors and no ground

planes, for N=l.

In figure 40 the radiation resistance (minus wave) and radiation

resistance (plus wave) for the case as above, with N=3, are presented.

In figure 41 the radiation resistances (plus wave) are presented

for the basic theory with independent conductors, for N=, N=2, N=3

and N=4.

In figure 42 the radiation resistances (plus wave) for the basic

theory with independent conductors, for N=4, are presented for three

different gap thicknesses.
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In figures 43-44 there are presented the radiation resistance

(plus wave) and radiation resistance (minus wave) for the basic

theory with normal modes, for W=32.

4..

- 53 -



Sw

0-0

C))

-54-



C3

U. uL- 06 -------- 4 a

00 0L 00 0S 0~ Oo 0101 0101 o0d'1) E X C W r 8 8* ~W rN bAm

-55.-

*NOL



V.J

-56-



Lt.J

aF

C?

0

4.

0. a-i. a s a l 0 v Q tad -t Od

-57-



-w9

u0

0j

0L

-58--

't-4J



-v-

_____ _____ __ 1!
____ ___ ____ ___ ____ ___ ____ ___ ____ ___ ____ ___ _ cc

oil 0*1 _____ ___il_ wit wit 0_ - _ _ C- ____a. aB____ D___ 0.021 '

___ ___ ___ __ ___ ___ ___ __ ___ ___ __9-



cu>

Iv.-

-60-



5- L

Ol~~~~ ~ ~ ~ ~ Go "- *Z ' 6 OO O .I

(SWHQ 3AU shtw-s0



g,

*) L

C3 L

-62-



Q
w

03

C)

a;:
in

NL

o LL

a
I-D

.D

9

-4 0

-am-



U,
in

CD,

IO

to -

o

z

CSr c

ii-l 0~t ~ t *9 *L *0 _ Ogl -z- 0sl

(90 00Msi iso G I

I C4



0

in

C?

0l

in

in

C3K
10

31, A

(L\

z ?

9_)
O'-ol 007 0

Arr



0

0

0

..o

4 
w4

a, OZ 0 at O'ca 00st 021 00?, Q*442a

(SW.0 33US93 nN

-66-



Sa
z

en

C3
aen

U.,o

ina L
N

U.,

ay

C?.

IDN

JI J



'aO

U'

00 

0 1

00

0 00

t4~

o

0I2- 
DI .

2 
s

0-8



CU

C;a

1 0

00

.00

- a U
1

0

0'. r

4k (C13U n IW90 S I

o a w-



7;7

-L.A-

w cg

4T T

-70.-



A 1:

c;

0 0I

000 00Z lOSl 0-061 0060 0!0 0-09- -01001 0-09i- 0002i- 0.O0z-"
(SWHO) ~Ibo1 3uJ *dN LjL.

-- 3-

'. w

C?

00 t D.9 C-O~d 001 01 lOSi l 0 040 0-06 0.09

J SWO 3'I!u



-/--- --

0. o 0.1 00 oli- -oi D-q - 009- O*SL 016- -SO --0-Z12

(90) rAKsi GG SI L

C,

19 1 a. nNWSS'.S I

oft 
Jo



4- S9,

So - 0A

- - I.

ootC O*OLZ ololz 0-alz 0 091 oUSt 01OZI 0'06 009 0*0 .41
VIWHOI JAUM Sn Id *93A ObN

4-. LL.

OS ?

4K '

00-o1n o*I 00*01 0s-i, coot co-s vot toc 9 Do

-73-



o0 s ; 0 O~ all 0 9 as 0a, 0-0 0 - 0*09- 0-06 - -* Z 01 4-- -- -- t I.

_ _ _ _ _ _ _U

WOLZ~C --0 0.1 -01 1-0100

7- 4 -



ICS

{il
0: 0 91- 2Acf M 9flld SS0 91-0-i

JJ

.40 C-

CISI 010 0111 OO~lv- 06- 0.08- -
001 ~CC 00 (00) 3Aum SnN!w SSOI 'SN!- .a

-75-



CoY

0-Dg 003 00 ool ODi ool -6 o No 0 =

(SbWC) gAbM SnId -93W
cu

LL-

S5

'C

I -c

G000* 00**0 Do- i 0001l 00,91 00*41 00:6 000' 00le 004'
(SWHO) 3AbM sANIW S38 'OU6

-76-



c;

T 0

aA

o

c;s

L1-

tt

fi co 0*1 19 5 NJs06 -6 a6
SWWO77UI~ "S3 'OU

0_77-



-Y -- r,

______

In

I ~

C __

C---- _______

2
- 01~4

ci

* 
Z

'it.'
nZ'

CIA-

__ 
IC

2

2

if)
C'!

- - , C ~ ~~t~-.-------t - + 4- C- -

0-0~ GAl 00 OIl- OOU 00?- COg- 0 94 C 95 0 O2~ 0022-

lea) 30dM S~fld SSO1 SN! 0'

LA-

- ------ -

- - -

b 
a -- _______________ 0

I' t

K ___

C

4:"

-- - -------- C.-1;
___________ V

C K.

2 -- - C

1:
IC

-0- -. 4-
* 4 - + ~ ~ 004 0102 0002-

C. C II 00 I01 001 010 O*O~(90! JAUN Silk! wsso SN!

-78-

- ---- 9-



C.

0,O OOLZ O ~~0-01a0U o0Bl t 000? 003 06 0 0-09 07
(SWHOI 3AUM Sflld "& 08h

-9

CO

Do., 00: 00.il 00ail o0*S 00*1 00*9 o~

0000 ~ ~ SWO ODO o, AUM gflNIW SMC1

-79-



0

I:
0~~ I

00

:~ t
'3

L
- e..J

Gi

~ ~ ~ 001 ~-oi n'~ aoi- o.ou- ou- oozi- 0

4-

*

3. 0

4- =0

0 0NA

at

* '3 Z

00
N 9

= 0

0006 00U ~0t3 0010 006 @016 OGlE OW 00O ~OS O1t
ISWHOJ lbiOk S~ O~

I

-80-



9

00~

II

4.2

0 i ,4 *t .L .0 ltl- 0*8.
(9)3H nnMGOlSI



0 0

CAC

00

z0

0

C3,

C3

-82-



Z g C)
Z CV)

C2

C?

4k Wa 0*0 0, o 0 t

4UIs~m (I - i) 'v

~ ~-83-



0 x
0
0

.2 Z

*oz -

0I -.

0*03a 0*0 0) 19 0 t ~ z o

-84-



SO

00

I z

C?

C;

I Qvlt a-oax 000,1 a-as 0.o'qa - o~z
(loix) Is~o

IS

N C



9

C!

0

z S-

~~ a-

V CC!

a

C3

Of I O.W 0.0 0-0 Oma
00 t,

's~l'oa

-86-



a0

C?
12

a
ka

z II

00
U, a

4k4

W:/SH UIX II-14v

-87-



L~0
Z 0

0
01-)

E 0
LnF-o

E E E EO

I~ ui 0 1.K LJ Z o 0,zVr

~ ~0~D9D0
in-w0 ~~r Zz~.V f

00

0

-~ -_ - -

(VYO/SVdHO) 30NVISIS38 NOUiVIGV8

-88-



-Ir

o LA

E z C

L~ 00~~ SI

r'* z. C
SI -OD

C: 0

if Wl

a.J 0

4wcw

-89--

0Si



0

0

I I I I I

0

ro

<8
*0

ow >- tow >~

Ir . E. 0O0L

ro 0 
L

~zIU) cc w

to

0
U-)

to

40

-N-

0 0 0 0 0 0 0 0 0 0 to 0 0 0 0
CD _ 0 CD D U

(VYO/SVYH-O) 3N~'iSIS38 NOUIIV8



pw,- e)

crK
W0

Ul

00

2-~ Oww 0

'I ~ 0

0

__________ LL
Kr

.4. 1 1r
0C

8 8 o
8~ 8o 8D 0 (j

SmumLli*t oNw



AD-AI02 207 LOWELL UNIV MA F/6 20/3
ANALYSIS ANDWCOMPUTER STUDIES FOR MAGNETOSTATIC SURFACE WAVE TR-ETC(U)
RAY 81 J I WENBERr0 F1962R-8O-C-0029

UNCLASSIFIED RADC-TR-81-96 NL

iniinTiniinii 1_

IL 2T



C3 0 U

0 co

0

+E

++5

U,.

-92



00

2O
CC

=3

O X - Z -l I

0 0

0 2
z 24

4E

II



0- C0

wI

0 D

-

Ix m

'R z t aO: aolt

~u iuzE
'-~LL

NN

- -- -O

0

N~ (YVDIsvHO) 3ONVSISb NOIIVIGOb

-94-



T- - 0
0

0~0

'A 0

z L 0
I- 0

E E C
ZO 't :t0:Lr

0-

o 0P
11 0

0~ U

C * 0
*~to

~0

'0

0
i0

I 0n
41 0 0 0 - oU)

(VYO/SWiHo) 30NVISIS38 N0IGV8

-95-



-IE
01

Ale VAc
z 41 

f 
f,

4, O

yD/SwwH0(I 0X) 'SIN OV3y

-96-



ZS

3 e~

z VIg~ u

N 001

-97--



References

1. J.C. Sethares, T. Tsai and I. Koltunov; "Periodic Magnetostatic
Surface Wave Transducers"; RADC-TR-78-78; 1978.

2. I.J. Weinberg and J.C. Sethares; "agnetostatic Wave Transducers
With Variable Coupling"; RAIX-TR-78-205; 1978.

3. A.K. Ganguly and D.C. Webb; '"icrostrip Excitation of Magnetostatic
Surface Waves: Theory and Experiment"; IEEE Transactions on Micro-
wave Theory and Techniques; 1975.

4. J.C. Sethares; 'Magnetostatic Surface Wave Transducer Design";IEEE MIT Symposium; 1978.

5. J.H. Collins, J.M. Owens and C.V. Smith, Jr.; '"Magnetostatic Wave
Signal Processing"; IEEE Ultrasonics Symposium Proceedings; 1977.

6. I.J. Weinberg; "Hilbert Transform by Numerical Integration"; RADG-
TR-79-3; 1979.

7. A.K. Ganguly, D.C. Webb and C. Banks; "Complex Radiation Impedance
of Microstrip-Excited Magnetostatic Surface Waves"; IEEE Transactions
on Microwave Theory and Techniques; 1978.

8. J.C. Sethares and I.J. Weinberg; "Insertion Loss of Apodized Weighted
and Non-uniform Magnetostatic Surface Waves Transducers"; Joint
MMMi-Intermag Conference; 1979.

9. J.M. Owens and C.V. Smith, Jr.; "Interaction of Magnetostatic Waves
With Periodic Reflecting Structures"; U. of Texas EMDERL 1979-AFOSR-1;
1979.

10. I.J. Weinberg; "Dispersion Relations for Magnetostatic Waves"; IEEE
Ultrasonics Symposium; 1980.

11. H.J. Wu, C.V. Smith, Jr. and J.M. Owens; "Bandpass Filtering and Input
Impedance Characterization for Driven Multielement Transducer Pair
Delay Line Magnetostatic Wave Devices"; Journal of Applied Physics
50(3); 1979.

12. J.C. Sethares and I.J. Weinberg; "Apodization of Variable Coupling
MSSW Transducers"; Journal of Applied Physics 50(3); 1979.

13. J.C. Sethares; "Magnetostatic Surface Wave Transducers"; IEEE Tran-
sactions on Microwave Theory and Techniques; 1979.

-98-

.!



MISSION
7- Of

Rom Air Devekopnent Center
RAV ptan6 and exece -teA eae4h, deve~pment, te6t and
,6etected acqwu6Ltion potogam i~n auppoit* oj Cmuand, Conut 
CoimwuatwnA~ and IntWttgence (C01) activitteA. Temisa~t
ad exginee~ing Auppotct wUhi~tn axma oj teduticiat coiupee

i-6 ptouided to ESP Atga j&e (POt) and othot ES(
e.LeientA. The p4Lncq~aL rekkWmi.6i4on atw a e
comunicaAtioVI6, etebtouiagetc guidamne and combtot, .6W.-
ve~llane oj gtound and &e~o~pace objectA, inteLfigefme data
cottewton and handting,, in~ohunwtin aypteu zedinoogy,
coftoaphia& p/to pagation, 801.4 tate 6aence, otcmaAshve
phpicA and etectonic tetabiU4, anaixnta~nabiUtg and

compatibitity. -


